Simulator investigation of arrow-wing low-speed handling qualities by Averett, B. T.
SIMULATOR INVESTIGATION OF ARROW-WING LOW-SPEED HANDLING QUALITIES 
Ben T. Averett 
Lockheed Aircraf t  C o r p o r a t i o n  
SUMMARY 
Low speed h a n d l i n g  q u a l i t i e s  of arrow wings were i n v e s t i g a t e d  w i t h  a 
p i l o t e d  s i m u l a t o r .  E x i s t i n g  aerodynamic d a t a  were used from NASA SCAT 15F 
t u n n e l  tests augmented w i t h  new Lockheed low speed wind t u n n e l  test d a t a .  
Two arrow wing planforms were chosen f o r  t h e  s i m u l a t i o n  e f f o r t  - a Mach 2.0 
d e s i g n  and a Mach 2.7 d e s i g n .  These d e s i g n s  a r e  i n  t h e  SCAT 15F Mach 2.7 
des ign  f a m i l y ,  having  t h e  same PAR and pcot  A. 
P i l o t e d  s i m u l a t i o n  r e s u l t s  i n d i c a t e  t h a t  b o t h  t h e  Mach 2.0 and Mach 2.7 
planforms have s a t i s f a c t o r y .  l o n g i t u d i n a l  f l y i n g  q u a l i t i e s .  However, i n  t h e  
c o n t r o l  of bank a n g l e  t h e  Mach 2.0 planform demonst ra tes  s a t i s f a c t o r y  handl ing  
q u a l i t i e s  w h i l e  t h e  Mach 2.7 planform i s  unacceptab le .  T h i s  s i t u a t i o n  a p p l i e s  
f o r  crosswind l a n d i n g s  a t  FAA l i m i t s  and f o r  l i n e u p  i n  heavy t u r b u l e n c e .  The 
low-speed s u p e r i o r i t y  of t h e  Mach 2 planform w i t h  i t s  lower sweep and h i g h e r  
a s p e c t  r a t i o  i s  a l s o  shown by i t s  a b i l i t y  t o  approach a t  l eas t  8 m / s  (15 k n o t s )  
s lower t h a n  t h e  Mach 2.7 planform w i t h o u t  d e g r a d a t i o n  i n  h a n d l i n g  q u a l i t i e s .  
INTRODUCTION 
S ince  t h e  development of  t h e  SCAT-15F arrow-wing a i r c r a f t  c o n f i g u r a t i o n  
by NASA i n  t h e  mid 1960s, s u p e r s o n i c  c r u i s e  a i r c r a f t  r e s e a r c h  h a s  c e n t e r e d  
around a d e s i g n  c r u i s e  Mach number of 2 . 7 .  Recent Lockheed s t u d i e s  on t h e  
i n f l u e n c e  of d e s i g n  c r u i s e  Mach number on a i r l i n e  u t i l i z a t i o n ,  passenger  
acceptance ,  a i r c r a f t  complexi ty ,  and o p e r a t i n g  c o s t s  have r e v e a l e d  t h a t  c r u i s e  
Mach numbers as low as M = 2.0 may be compet i t ive .  An a d d i t i o n a l  f a c t o r ,  n o t  
inc luded  i n  t h e s e  s t u d i e s ,  is t h e  i n f l u e n c e  of  d e s i g n  Mach number on low-speed 
f l y i n g  q u a l i t i e s  and a i r p o r t  performance. The a v a i l a b l e  low-speed f l y i n g  qual-  
i t i es  d a t a  p o i n t  o u t  two p o t e n t i a l  problem areas f o r  a i r c r a f t  des igned  f o r  
M = 2.7. The h i g h l y  swept,  low-aspect-rat io  wing, which i s  cambered and 
t w i s t e d  f o r  b e s t  c r u i s e  performance,  does n o t  deve lop  a d e q u a t e  l i f t  even w i t h  
f l a p s  extended t o  permi t  use  of approach speeds  comparable t o  c u r r e n t  subsonic  
j e t s .  This  problem i s  f u r t h e r  aggrava ted  by approach a t t i t u d e  r e s t r i c t i o n s  
imposed by v i s i b i l i t y  r e q u i r e m e n t s  and low t a i l - s c r a p e  a n g l e s  r e s u l t i n g  from 
t h e  long  f u s e l a g e  i n h e r e n t  i n  t h i s  t y p e  of des ign .  I n  a d d i t i o n ,  t h e  h igh  r o l l -  
i n g  moments g e n e r a t e d  by a h i g h l y  swept wing i n  s i d e s l i p  and t h e  s e v e r e l y  
l i m i t e d  r o l l  c o n t r o l  a v a i l a b l e  from t h i s  wing planform r e s t r i c t  t h e  crosswind 
l a n d i n g  c a p a b i l i t y .  
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The pr imary e f f e c t s  o f  reduced d e s i g n  Mach number on t h e  a i r c r a f t  a r e  t o  
i n c r e a s e  t h e  wing a s p e c t  r a t i o  and reduce t h e  wing leading-edge sweep a n g l e .  
These parameters  improve t h e  l i f t  c a p a b i l i t y  of t h e  wing by i n c r e a s i n g  t h e  
l i f t - c u r v e  s l o p e  and f l a p  e f f e c t i v e n e s s .  R o l l  c o n t r o l  is  improved by reduced 
a i l e r o n  sweep a n g l e ,  h i g h e r  wing a s p e c t  r a t i o ,  and t h e  lower r o l l i n g  moments 
induced by s i d e s l i p .  
These e f f e c t s  may be computed a d e q u a t e l y  i f  good aerodynamic d a t a  a r e  
a v a i l a b l e  f o r  u s e  i n  t h e  a n a l y s i s ,  b u t  t h e  s i g n i f i c a n c e  of t h e  f l y i n g  q u a l i t i e s  
parameters  t o  a p i l o t  a t t e m p t i n g  t o  l a n d  t h e  a i r c r a f t  is  d i f f i c u l t  t o  e v a l u a t e  
us ing  c o n v e n t i o n a l  a n a l y s i s  methods. The o b j e c t i v e s  of t h i s  f l i g h t  s i m u l a t i o n  
program were t o  o b t a i n  tes t  d a t a  on t h e  magnitude of t h e  low-speed improvements 
o f f e r e d  by a r e d u c t i o n  i n  d e s i g n  Mach number from 2 . 7  t o  2.0, and t o  q u a l i t a -  
t i v e l y  e v a l u a t e  t h e  s i g n i f i c a n c e  of t h e s e  improvements t o  a p i l o t  a t t e m p t i n g  
t o  land  a s imula ted  a i r c r a f t  i n  v a r i o u s  levels of a i r  t u r b u l e n c e  and crosswind. 
STUDY APPROACH 
The approach taken  d u r i n g  t h e  f l i g h t  s i m u l a t i o n  program w a s  t o  c o l l e c t  a l l  
a v a i l a b l e  d a t a  on low-speed f l y i n g  q u a l i t i e s  f o r  arrow-wing planforms and t o  
supplement t h e s e  d a t a  where n e c e s s a r y  w i t h  wind t u n n e l  d a t a  and a n a l y s i s .  Pre- 
v i o u s  wind t u n n e l  t e s t i n g  of v a r i o u s  SCR c o n f i g u r a t i o n s  by Lockheed, t o g e t h e r  
w i t h  NASA tes ts  of c o n t r o l  system e f f e c t i v e n e s s  and b a s i c  planform c h a r a c t e r -  
i s t i c s  were accumulated and used as a d a t a  base  f o r  t h e  M = 2 . 7  c o n f i g u r a t i o n .  
These d a t a  were p r i m a r i l y  f o r  t h e  NASA SCAT-15F c o n f i g u r a t i o n  o r  f o r  s l i g h t  
v a r i a t i o n s  of t h a t  planform. Because t h e r e  were v e r y  l i t t l e  d a t a  a v a i l a b l e  f o r  
planforms designed t o  c r u i s e  a t  lower speeds ,  low-speed tests were deemed nec- 
e s s a r y  t o  d e f i n e  t h e  c h a r a c t e r i s t i c s  of t h e  M = 2.0  planform. Both planforms 
were t e s t e d  t o  de te rmine  t h e  d e t a i l e d  d i f f e r e n c e s  between them and t o  permit  
t h e  a p p l i c a t i o n  of an a c c u r a t e  c o r r e c t i o n  t o  t h e  d a t a  f o r  t w i s t  and camber 
e f f e c t s .  
Because t h e  SCR c o n f i g u r a t i o n  must b e  balanced t o  minimize t r i m  d r a g  i n  
c r u i s e ,  s t a t i c  l o n g i t u d i n a l  s t a b i l i t y  i n  t h e  approach must be n e g a t i v e ,  which 
r e q u i r e s  a r a t h e r  s o p h i s t i c a t e d  c o n t r o l  system t o  permi t  t h e  p i l o t  t o  u s e  con- 
v e n t i o n a l  f l y i n g  t e c h n i q u e s .  For t h i s  s t u d y ,  s t a b i l i t y  and c o n t r o l  augmenta- 
t i o n  systems were developed based on t h e  r e s u l t s  of  NASA f l i g h t  s i m u l a t i o n  
tests from which t h e  c o n t r o l  l a w s  r e q u i r e d  f o r  a c c e p t a b l e  approach c o n t r o l  were 
determined.  These d a t a ,  t o g e t h e r  w i t h  c o n f i g u r a t i o n  c h a r a c t e r i s t i c s ,  such as  
weight and i n e r t i a ,  ground c l e a r a n c e ,  engine  geometry and dynamics, and c o c k p i t  
l o c a t i o n  d e r i v e d  from p r e v i o u s  SCR c o n f i g u r a t i o n  s t u d i e s ,  c o n s t i t u t e d  a f l i g h t  
s i m u l a t o r  d a t a  package which w a s  programmed on t h e  Lockheed Developmental 
F l i g h t  S imula tor .  
A p i l o t e d  f l y i n g  q u a l i t i e s  e v a l u a t i o n  of approach and l a n d i n g  c h a r a c t e r -  
i s t i c s  on t h e  M = 2.0 SCR, t h e  M = 2 . 7  SCR, and t h e  L-1011 s u b s o n i c  t r a n s p o r t  
a i r c r a f t  was conducted i n  v a r i o u s  l e v e l s  of a i r  t u r b u l e n c e  and crosswinds t o  
assess t h e  s i g n i f i c a n c e  of d i f f e r e n c e s  i n  aerodynamic c h a f a c t e r i s t i c s  of t h e  
two s t u d y  planforms.  
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STUDY SCOPE 
0 T e s t i n g  was l i m i t e d  t o  g e n e r a l  f l y i n g  q u a l i t i e s  i n  t h e  approach con- 
f i g u r a t i o n  and t o  an  e v a l u a t i o n  of c o n t r o l l a b i l i t y  and p i l o t  workload 
d u r i n g  an i n s t r u m e n t  approach i n  crosswind and t u r b u l e n c e .  
0 An e x i s t i n g  t r a n s p o r t  c o c k p i t  (L-1011) w a s  used f o r  a l l  t e s t i n g .  No 
a t t e m p t  w a s  made t o  s i m u l a t e  t h e  v i s i b i l i t y  r e s t r i c t i o n s  t h a t  may be 
p r e s e n t  i n  an SCR des ign .  
0 A l l  approach t e s t i n g  w a s  i n i t i a t e d  i n  IFR c o n d i t i o n s ,  and a f l i g h t -  
d i r e c t o r  s imilar  t o  t h e  L-1011 system was used f o r  g l i d e s l o p e  and 
l o c a l i z e r  commands. 
0 The f l i g h t  c o n t r o l  system was a control-wheel  s t e e r i n g  (CWS) system 
u t i l i z i n g  a t t i t u d e - h o l d  and ra te  command l o g i c  i n  p i t c h  and r o l l .  
A u t o p i l o t  i n p u t s  were i s o l a t e d  from t h e  c o n t r o l  column and wheel t o  
avoid  d i s t u r b i n g  c o n t r o l  system motion t h a t  can  r e s u l t  from CWS-type 
systems.  
b 
0 A l l  approach t e s t i n g  w a s  t e rmina ted  a t  main-wheel touchdown. 
0 Crosswinds up t o  15.45 m/sec (30 k n o t s )  and a i r  t u r b u l e n c e  up t o  
2.7 m/sec (9  f p s )  r m s  were in t roduced  i n t o  t h e  aerodynamic e q u a t i o n s .  
0 The L-1011 a i r c r a f t  was s imula ted  and compared t o  t h e  two s t u d y  con- 
f i g u r a t i o n s  i n  a l l  tes t  c o n d i t i o n s  t o  provide  a r e f e r e n c e  p o i n t  f o r  t h e  
p i l o t  r a t i n g s .  
DESCRIPTION OF SIMULATED AIRCRAFT 
To e v a l u a t e  f l y i n g  q u a l i t y  v a r i a t i o n s  w i t h  planform, two wings were de- 
s igned:  one t o  c r u i s e  a t  Mach 2.7 and t h e  o t h e r  a t  Mach 2.0. Wing a r e a ,  no tch  
r a t i o ,  t a p e r  r a t i o ,  PAR, and p c o t A  were h e l d  c o n s t a n t  f o r  t h e  two d e s i g n s  by 
vary ing  sweep a n g l e  and a s p e c t  r a t i o .  A comparison of t h e  Mach 2 .7  and Mach 
2.0 planforms i s  shown i n  Figure  1, where t h e  d i f f e r e n c e s  i n  sweep a n g l e ,  as- 
p e c t  r a t i o ,  and t r a i l i n g - e d g e  f l a p  c o n f i g u r a t i o n  can  b e  seen .  A t a b u l a r  con- 
p a r i s o n  of t h e  planform p r o p e r t i e s  i s  given i n  Table  1. P e r t i n e n t  dimensions 
are  l i s t e d  i n  t h e  t a b l e ,  showing t h a t  t h e  planfbrm parameters  are  c o n s i s t e n t  
between t h e  Mach 2.0 and 2.7 planforms. A l l  o t h e r  a i r c r a f t  dimensions b e s i d e s  
wing geometry and engine  l o c a t i o n  were i d e n t i c a l  f o r  t h e  two tes t  conf igura-  
t i o n s .  The e n g i n e s  were l o c a t e d  a t  a c o n s t a n t  p e r c e n t a g e  semi-span l o c a t i o n ,  
and t h u s  were f a r t h e r  from t h e  a i r c r a f t  c e n t e r l i n e  on t h e  Mach 2.0 c o n f i g u r a t i o n  
because of i t s  l a r g e r  span. Wing a r e a  and l a n d i n g  g r o s s  weight  were maintained 
cons tan t ,  bu t  d i f f e r e n c e s  i n  mass moments-of-inertia between t h e  two d e s i g n s  
were accounted f o r .  
Aerodynamic d a t a  were d e r i v e d  p r i n c i p a l l y  from a low-speed wind-tunnel 
test of t h e  Mach 2.0 and Mach 2.7 d e s i g n s  i n , t h e  Lockheed low-speed wind t u n n e l .  
These d a t a ,  d e r i v e d  from f l a t - p l a t e  wing models,  were c o r r e c t e d  f o r  twist 
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and camber e f f e c t s  u s i n g  e x i s t i n g  NASA wind t u n n e l  d a t a  i n  which b o t h  t w i s t e d  
and f l a t - p l a t e  wing d a t a  were a v a i l a b l e .  Basic aerodynamic f o r c e  and moment 
d a t a ,  as w e l l  as c o n t r o l  s u r f a c e  and .high l i f t  system e f f e c t i v e n e s s  were d e t e r -  
mined from t h e  wind t u n n e l  tests. F l e x i b i l i t y  c o r r e c t i o n s  i n  t h e  r o l l  c o n t r o l  
e f f e c t i v e n e s s  and e f f e c t i v e  d i h e d r a l  parameter  are  i n c l u d e d  i n  t h e  d a t a  f o r  t h e  
a i r s p e e d s  e v a l u a t e d  i n  t h i s  s tudy .  Ground e f f e c t s  on l i f t  and p i t c h i n g  moment 
were d e r i v e d  from p r e v i o u s  wind t u n n e l  tests of similar c o n f i g u r a t i o n s .  Dy- 
namic s t a b i l i t y  d e r i v a t i v e s  were e s t i m a t e d  u s i n g  c o n v e n t i o n a l  e s t i m a t i o n  tech- 
n iques .  
The f l i g h t  c o n t r o l  s y s t e m s  used i n  t h i s  s t u d y  were developed from t h e  sys- 
t e m s  d e s c r i b e d  i n  Reference  1,  which r e p o r t e d  t h e  r e s u l t s  of  NASA ground- 
based and i n - f l i g h t  s i m u l a t i o n  of a similar c o n f i g u r a t i o n .  The l o n g i t u d i n a l  
and l a t e ra l  c o n t r o l  sys tems are a t t i t u d e - h o l d  a u t o p i l o t - t y p e  systems w i t h  
cont ro l -wheel -s teer ing  rate-command i n p u t s  f o r  maneuvering. The g a i n s  and 
t ime-cons tan ts  i n  t h e  c o n t r o l  systems were chosen t o  make t h e  systems feel  as 
much as p o s s i b l e  l i k e  c o n v e n t i o n a l  c o n t r o l  systems.  For t h e  same reason ,  t h e  
c o n t r o l - s u r f a c e  i n p u t s  genera ted  by t h e  a u t o m a t i c  sys tems were i s o l a t e d  from 
t h e  c o n t r o l  column and wheel t o  w o i d  t h e  d i s t u r b i n g  motions t h a t  r e s u l t  from 
CWS-type c o n t r o l  systems i n  c u r r e n t  subsonic  j e t s .  Became s u p e r s o n i c  c r u i s e  
v e h i c l e s  o p e r a t e  w e l l  on t h e  b a c k s i d e  of t h e  t h r u s t  r e q u i r e d  c u r v e  a t  approach 
speeds ,  a n  a u t o t h r o t t l e  w a s  developed t o  r e l i e v e  t h e  p i l o t  of t h e  h igh  workload 
a s s o c i a t e d  w i t h  a i r s p e e d  c o n t r o l  i n  t h e s e  c o n d i t i o n s .  
DESCRIPTION OF FLIGHT SIMULATOR 
The Lockheed Developmental F l i g h t  S imula tor  i s  a h y b r i d  computer f a c i l i t y  
w i t h  p e r i p h e r a l  hardware des igned  t o  create t h e  i l l u s i o n  of f l i g h t .  Computa- 
t i o n a l  hardware c o n s i s t s  of general-purpose d i g i t a l  and a n a l o g  computers,  and 
spec ia l -purpose  computers t o  s i m u l a t e  c o c k p i t  c o n t r o l  f o r c e s  and engine  n o i s e  
cues .  S e v e r a l  p e r i p h e r a l  p i e c e s  of equipment,  such as  a v i s u a l  d i s p l a y  system, 
a motion g e n e r a t i o n  system, and a c o c k p i t  complete  w i t h  o p e r a t i o n a l  f l i g h t  
i n s t r u m e n t s  are a v a i l a b l e  t c  enhance p i l o t  f l i g h t  impress ions .  The d i g i t a l  
computer is  programmed w i t h  t h e  a i r c r a f t  e q u a t i o n s  of motion, a l l  aerodynamic 
and p r o p u l s i o n  d a t a ,  geometr ic  and i n e r t i a l  d a t a ,  and a d d i t i o n a l  e q u a t i o n s  t o  
c o n t r o l  t h e  p e r i p h e r a l  equipment and d a t a  r e c o r d i n g  d e v i c e s .  The ana log  com- 
p u t e r  i s  used t o  s i m u l a t e  f l i g h t  c o n t r o l  sys tems,  which r e q u i r e  high-frequency 
computing t o  a d e q u a t e l y  r e p r e s e n t  t h e  system dynamics. 
The c o c k p i t  used f o r  t h i s  s i m u l a t i o n  i s  a mock-up of t h e  L-1011 c o c k p i t  
w i t h  f l i g h t  i n s t r u m e n t s  and c o n t r o l s  i n s t a l l e d  i n  t h e  L-1011 c o n f i g u r a t i o n .  
The v i s u a l  system is  a single-window t e l e v i s i o n  system w i t h  a 63.5-cm 
(25-in.)  TV monitor  mounted on t h e  p i l o t ' s  g l a r e  s h i e l d .  
d i s p l a y e d  image i s  a three-dimensional  1500:l  scale model of t h e  Palmdale,  
C a l i f o r n i a  a i r p o r t  and sur rounding  t e r r a i n  mounted on a cont inuous  moving b e l t .  
The monitor image i s  g e n e r a t e d  by a c l o s e d - c i r c u i t  t e l e v i s i o n  channel ,  t h e  
camera of which i s  mounted on a s e r v o - c o n t r o l l e d  c a r r i a g e  t h a t  moves a c r o s s  
t h e  wid th  of t h e  model b e l t  and a t  r i g h t  a n g l e s  t o  i t s  s u r f a c e .  These move- 
ments,  a long  w i t h  model b e l t  motion, p r e s e n t  t h e  t r u e  p o s i t i o n  of  t h e  a i r c r a f t ,  
The s o u r c e  of t h e  
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r e l a t i v e  t o  t h e  a i r p o r t  runway. A s e r v o - c o n t r o l l e d  prism-mirror system, a t -  
tached t o  t h e  camera, p r o v i d e s  p i t c h ,  bank, and heading  d isp lacements .  
The c o c k p i t  i s  mounted on a 4-degree-of-freedom motion system, p r o v i d i n g  
p i t c h ,  r o l l ,  v e r t i c a l ,  and l a t e r a l  motfdri's. The motion system p r o v i d e s  com- 
p l e t e l y  independent  motion i n  each  d e g r e e  of freedom, such t h a t  f u l l  e x c u r s i o n  
i s  a v a i l a b l e  i n  any a x i s ,  independent  of t h e  e x c u r s i o n s  i n  t h e  o t h e r  axes .  Be- 
cause  of t h e  importance of a i r  t u r b u l e n c e  i n  . t h i s  e v a l u a t i o n ,  motion system 
g a i n s  were opt imized t o  p r e s e n t  t h e  most r e a l i s t i c  t u r b u l e n c e  s i m u l a t i o n  pos- 
s i b l e  w i t h i n  t h e  l i m i t s  of  t h e  a c t u a t o r s .  
A i r  t u r b u l e n c e  w a s  s i m u l a t e d  by i n s e r t i n g  random v e l o c i t y  i n p u t s  i n  t h e  
aerodynamic e q u a t i o n s .  Magnitudes and f i l t e r i n g  of  t h e  i n p u t  v e l o c i t i e s  were 
c o n t r o l l e d  accord ing  t o  t h e  Dryden form of  t h e  random t u r b u l e n c e  e q u a t i o n s .  
I n  t h e  b a s i c  Dryden model t h e  c h a r a c t e r i s t i c  l e n g t h s  a r e  reduced as a f u n c t i o n  
of h e i g h t  near t h e  ground. A s  a r e s u l t ,  t h e  peak v e l o c i t y  g u s t s  s i m u l a t e  ver -  
t i c a l  and h o r i z o n t a l  wind-shear b u r s t s  on l a n d i n g  approach.  F l y i n g  q u a l i t i e s  
were e v a l u a t e d  i n  l eve ls  of  t u r b u l e n c e  from s t i l l  a i r  t c  heavy t u r b u l e n c e .  
Heavy t u r b u l e n c e  i s  d e f i n e d  f o r  t h i s  s t u d y  as 2.7 m / s  (9 f t / s ) .  
Crosswinds were s i m u l a t e d  by s imply adding  a c o n s t a n t  v a l u e  of  l a t e r a l  
v e l o c i t y  t o  t h e  e a r t h - o r i e n t e d  v e l o c i t y  d e r i v e d  from t h e  i n e r t i a l  a i r c r a f t  
e q u a t i o n s .  T h i s  accounted f o r  t h e  l a t e ra l  movement of  t h e  a i r  ,mass r e l a t i v e  
t o  t h e  f i x e d  a i r p o r t  c o o r d i n a t e s .  
TEST CONDITIONS 
The approach s p e e d s  e v a l u a t e d  i n  t h e  f l i g h t  s i m u l a t i o n  program were 
s e l e c t e d  from a s t a t i c  a n a l y s i s  of  l i f t  and r o l l  c o n t r o l  a v a i l a b l e  from b o t h  
t h e  M = 2.0 and t h e  M = 2.7 c o n f i g u r a t i o n s  a t  a t y p i c a l  l a n d i n g  weight .  
F igure  2,  t h e  a v a i l a b l e  approach speeds of t h e  two d e s i g n s  are compared as a 
f u n c t i o n  of  a n g l e  a t t a c k  f o r d  = 0.35 rad  (20 deg) .  A t  t h e  maximum a l l o w a b l e  
a n g l e  of a t t a c k ,  t h e  M = 2.0 d z s i g n  can approach 7 . 7  m / s  (15 k n o t s )  s lower 
than  t h e  M = 2 . 7  des ign .  I f  approach a t t i t u d e  i s  more c r i t i c a l  t h a n  approach 
speed,  t h e  M = 2.0 d e s i g n  can approach a t  an a t t i t u d e  of 0.044 r a d  (2.5 deg)  
lower than t h e  M = 2.7 d e s i g n .  
I n  
Another c o n s i d e r a t i o n  f o r  approach speed i s  t h e  c o n t r o l  a v a i l a b l e  f o r  a 
crosswind landing ,  which u s u a l l y  i s  degraded as approach speed is  reduced. 
F i g u r e  3 shows t h e  v a r i a t i o n  w i t h  approach speed of s i d e s l i p  a n g l e  re- 
q u i r e d  t o  l a n d  e i t h e r  a i r c r a f t  i n  a 15.4 m/s(30-knot) crosswind,  assuming t h e  
p i l o t  d e c r a b s  t h e  a i r c r a f t  j u s t  p r i o r  t o  touchdown and l a n d s  w i t h  t h e  longi tud-  
i n a l  a x i s  a l i g n e d  w i t h  t h e  runway c e n t e r l i n e .  T h i s  is t h e  accepted  crosswind 
l a n d i n g  technique  f o r  a i r c r a f t  w i t h o u t  s p e c i a l  crosswind l a n d i n g  g e a r .  Also 
shown i n  F i g u r e  3 i s  t h e  s i d e s l i p  a n g l e  which can be c o n t r o l l e d  a t  f u l l  a i l e r o n  
f o r  t h e  two a i r c r a f t  d e s i g n s .  A t  87.4 m/s (170 k n o t s ) ,  t h e  M = 2.7 d e s i g n  
r e q u i r e s  a f u l l  r o l l  c o n t r o l  t o  c o u n t e r  t h e  r o l l i n g  moment produced by s i d e -  
s l i p .  For t h e  M = 2.0 d e s i g n ,  f u l l  r o l l  c o n t r o l  is  reached  a t  72 m / s  (140 
k n o t s ) ,  an improvement of  15.4 m / s  (30 k n o t s )  over  t h e  M = 2.7 des ign .  
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Figure  4 summarizes t h e  c o n s t r a i n t s  on approach speed p r e v i o u s l y  d i s c u s s e d .  
From t h e s e  c o n s i d e r a t i o n s ,  test c o n d i t i o n s  were s e l e c t e d  t o  e v a l u a t e  each of t h e  
a i r c r a f t  c o n f i g u r a t i o n s  i n  t h e  f l i g h t  s i m u l a t o r .  Since t h e  r o l l  c o n t r o l  con- 
s t r a i n t  i s  a s s o c i a t e d  o n l y  w i t h  crosswind l a n d i n g ,  approach speed was s e l e c t e d  
as 160 k n o t s  based on s c r a p e  a n g l e  cons-Tderations,  and r o l l  c o n t r o l  was evalu- 
a t e d  a t  t h a t  speed. 
RESULTS OF PILOT EVALUATION 
Four tes t  p i l o t s  e v a l u a t e d  t h e  s i m u l a t e d  a i r c r a f t  i n c l u d i n g  t h r e e  engineer-  
i n g  tes t  p i l o t s  from t h e  Lockheed Commercial F l i g h t  Test o r g a n i z a t i o n  and a 
NASA-Langley test p i l o t .  A t o t a l  of 50 t es t  hours  were completed.  
General  F l y i n g  Q u a l i t i e s  I n  Approach C o n f i g u r a t i o n  
I n  o r d e r  t o  e v a l u a t e  t h e  g e n e r a l  f l y i n g  q u a l i t i e s  of  each c o n f i g u r a t i o n  
i n  t h e  approach f l i g h t  c o n d i t i o n ,  s e v e r a l  f l i g h t  tes t  maneuvers were executed  
and p i l o t  r a t i n g s  were o b t a i n e d .  The e v a l u a t i o n  maneuvers i n c l u d e d  l e v e l  t u r n s  
and s t e p  r o l l  i n p u t s  t o  e v a l u a t e  r o l l  c o n t r o l ,  c o c k p i t  c o n t r o l  d o u b l e t s  t o  
e v a l u a t e  a i r c r a f t  dynamics,  small heading changes and s t e a d y  s i d e s l i p s  t o  
e v a l u a t e  d i r e c t i o n a l  c o n t r o l ,  and engine  t r a n s i e n t s  t o  e v a l u a t e  asymmetric con- 
d i t i o n s  and c o n t r o l  f o r  missed approach.  
w a s  used t o  q u a n t i f y  t h e  p i l o t s '  o p i n i o n s  of t h e  t es t  c o n f i g u r a t i o n s .  F i g u r e  
5 i s  a s i m p l i f i e d  v e r s i o n  of  t h e  r a t i n g  s c a l e .  
The Cooper-Harper p i l o t  r a t i n g  s c a l e  
The e v a l u a t i o n  p i l o t s  were asked t o  ra te  t h e  workload and c o n t r o l l a b i l i t y  
f o r  each of t h e  test  maneuvers and t o  comment on any o t h e r  f l y i n g  q u a l i t y  char-  
ac t e r i s t i c s  t h a t  became a p p a r e n t  d u r i n g  t h e  s i m u l a t e d  f l i g h t .  The fo l lowing  
comments are a summary of t h o s e  r e c e i v e d  from a l l  e v a l u a t i o n  p i l o t s .  
For t h e  Mach 2.7 d e s i g n ,  r o l l  c o n t r o l  s e n s i t i v i t y  and r o l l  r a te  c a p a b i l i t y  
were ' judged t o  b e  lower t h a n  c u r r e n t  subsonic  j e t s  and p o s s i b l y  inadequate ,  
p a r t i c u l a r l y  i n  t u r b u l e n c e .  Other  l a t e ra l  d i r e c t i o n a l  c h a r a c t e r i s t i c s  such as 
a d v e r s e  yaw and dutch  r o l l  damping w4-e e x c e l l e n t .  P i t c h  dynamics and p i t c h  
response  were r a t e d  good, w i t h  a s l i g h t  tendency t o  o v e r c o n t r o l  p i t c h  i n p u t s .  
Because of t h e  low r o l l  response ,  c o n t r o l  f o r c e  harmony was n o t  optimum. I n  a 
s t e a d y  heading s i d e s l i p ,  r o l l  c o n t r o l  w a s  good up t o  213 p e d a l  t ravel ,  where 
l a t e ra l  c o n t r o l  l i m i t s  were reached.  Beyond t h i s  p o i n t  bank a n g l e  c o n t r o l  w a s  
unacceptab le .  Cont ro l  f o r  engine  f a i l u r e  was e x c e l l e n t  i n  a l l  axes. 
For t h e  Mach 2 . 0  d e s i g n ,  r o l l  c o n t r o l  s e n s i t i v i t y  and rate c a p a b i l i t y  were 
much improved over  t h e  Mach 2.7 des ign .  Because of t h e  improved r o l l  c h a r a c t e r -  
i s t i c s ,  c o n t r o l  f o r c e  harmony w a s  good. I n  a s t e a d y  s i d e s l i p ,  r o l l  c o n t r o l  w a s  
good up t o  f u l l  peda l ,  where about  213 of t h e  l a t e r a l  c o n t r o l  w a s  used. 
F igure  6 p r e s e n t s  a n  average  of t h e  p i l o t  r a t i n g s  o b t a i n 4  f o r  t h e  test 
maneuvers p r e v i o u s l y  l i s t e d .  In  most maneuvers, t h e  M = 2 . 0  SCR was r a t e d  
easiest  t o  f l y ,  and t h e  L-1011 and M = 2.7 SCR were r a t e d  s l i g h t l y  more d i f f i -  
c u l t .  I n  l e v e l  f l i g h t  t u r n s ,  b o t h  of t h e  SCR d e s i g n s  were r a t e d  s l i g h t l y  
bet ter  t h a n  t h e  L-1011 because  of t h e  a t t i t u d e  hold  c o n t r o l  system, which s i m -  
p l i f i e d  t h e  p i l o t ' s  t a s k  of h o l d i n g  a l t i t u d e .  P i t c h  dynamics and workload dur- 
i n g  waveoff a l s o  were r a t e d  b e t t e r  f o r  t h e  SCR d e s i g n s  f o r  t h e  same reason .  
The r o l l  s e n s i t i v i t y  of t h e  M = 2.0 SCR was r a t e d  b e t t e r  t h a n  e i t h e r  t h e  L-1011 
o r  t h e  M = 2.7 SCR because of a n o n l i n e a r i t y  i n  r o l l  r e s p o n s e  i n  t h e  L-1011 and 
because of i n a d e q u a t e  r o l l  c o n t r o l  power i n  t h e  M = 2.7 SCR. S i m i l a r  r a t i n g s  
and comments were g i v e n  f o r  c o n t r o l  i n  s t e a d y  s i d e s l i p .  The M = 2.0 SCR could 
be c o n t r o l l e d  i n  a f u l l  p e d a l  s i d e s l i p  w i t h  0 . 4 3  r a d  (25 degrees)  of wheel and 
t h e  L-1011 w i t h  a b o u t  1.05 rad (60 degrees)  of wheel .  I n  t h e  M = 2.7 SCR, 
f u l l  p e d a l  s i d e s l i p s  could  n o t  be c o n t r o l l e d  w i t h  f u l l  wheel.  The average  
r a t i n g  of 4 given  t h i s  c o n d i t i o n  i s  a compromise between t h e  r e l a t i v e  ease of 
c o n t r o l l i n g  s i d e s l i p s  up t o  two-thirds  p e d a l  and t h e  i n a b i l i t y  t o  c o n t r o l  f u l l  
p e d a l  s i d e s l i p s .  Dutch r o l l  dynamics were r a t e d  good f o r  a l l  c o n f i g u r a t i o n s ,  
and c o n t r o l  f o r  engine  f a i l u r e  a l s o  w a s  e a s y  i n  a l l  c o n f i g u r a t i o n s ,  bu t  s l i g h t l y  
more d i f f i c u l t  i n  t h e  L-1011 because of t h e  l a c k  of a t t i t u d e  hold.  
C o n t r o l  f o r  Approach i n  Turbulence 
The workload and c o n t r o l l a b i l i t y  of t h e  t h r e e  a i r c r a f t  d u r i n g  a l a n d i n g  
approach i n  t u r b u l e n t  a i r  were e v a l u a t e d  by each of t h e  f o u r  p i l o t s .  Turbul.ence 
was i n t r c d u c e d  intr'o a l l  t h r e e  a i r c r a f t  axes a t  l e v e l s  up t o  2.7 m / s  ( 9  f t / s )  
r m s .  The e f f e c t  of i n c r e a s i n g  t u r b u l e n c e  was e v a l u a t e d  by a t t e m p t i n g  t o  e x e c u t e  
a n  ins t rument  approach t o  a t y p i c a l  a i r p o r t .  The s i m u l a t i o n  was i n i t i a t e d  w i t h  
t h e  a i r c r a f t  l o c a t e d  9.66 km (6 m i l e s )  from t h e  runway t h r e s h o l d  on t h e  extended 
runway c e n t e r l i n e .  The a i r c r a f t  w a s  tr immed i n  level  f l i g h t  a t  305 m (1000 f t )  
AGL a t  t h e  s p e c i f i e d  approach a i r s p e e d  w i t h  l a n d i n g  g e a r  extended and t r a i l i n g  
edge f l a p s  extended t o  t h e  l a n d i n g  p o s i t i o n .  I n  t h e  L-1011, f l a p  changes were 
made d u r i n g  t h e  approach i n  accordance w i t h  e s t a b l i s h e d  a i r l i n e  procedures  f o r  
t h a t  a i r c r a f t .  The p i l o t s  f l e w  t h e  s imula ted  a i r c r a f t  a t  t h e  i n i t i a l  a l t i t u d e ,  
fo l lowing  t h e  l o c a l i z e r  inbound u n t i l  t h e  g l i d e s l o p e  w a s  i n t e r c e p t e d .  The 
g l i d e s l o p e  w a s  t h e n  c a p t u r e d ,  and g l i d e s l o p e  and l o c a l i z e r  were t r a c k e d  t o  
touchdown. The p i l o t s  t r a n s i t i o n e d  from ins t rument  f l i g h t  t o  v i s u a l  r e f e r e n c e s  
a t  about 60 m (200 f t )  above t h e  runway and made f i n a l  a d j u s t m e n t s  i n  l i n e u p  
and g l i d e p a t h .  
For t h e  Mach 2.7 d e s i g n ,  p i t c h  c o n t r o l  and p i t c h  r e s p o n s e  were good. The 
a t t i t u d e - h o l d  f u n c t i o n  i n  t h e  c o n t r o l  system handled t h e  t u r b u l e n c e  q u i r e  w e l l ;  
however, a t  h i g h  t u r b u l e n c e  leve ls ,  a h i g h e r  g a i n  i n  t h e  a t t i t u d e  loop  would 
make t h e  a i r c r a f t  f e e l  more s t a b l e .  R o l l  response  w a s  s l u g g i s h  i n  a l l  levels 
of t u r b u l e n c e ,  b u t  w a s  t o t a l l y  inadequate  i n  h i g h  t u r b u l e n c e .  Bank a n g l e  and 
l ine-up c o r r e c t i o n s  c l o s e  t o  touchdown could n o t  b e  made i n  a t i m e l y  manner. 
It  w a s  n e c e s s a r y  t o  supplement r o l l  c o n t r o l  w i t h  r u d d e r  i n p u t s  t o  pickup a down- 
going wing c l o s e  t o  touchdown. 
For t h e  Mach 2.0 d e s i g n ,  p i t c h  c o n t r o l  w a s  more p r e c i s e  t h a n  t h e  Mach 2.7 
d e s i g n ,  and p i t c h  c o n t r o l  and g l i d e s l o p e  c o n t r o l  were p r e c i s e  even i n  h i g h  
t u r b u l e n c e  l e v e l s .  R o l l  c o n t r o l  w a s  much improved o v e r  t h e  Mach 2.7 des ign .  
Late l ine-up  and bank a n g l e  c o r r e c t i o n s  were much easier t o  accomplish and 
r o l l  s e n s i t i v i t y  w a s  much h i g h e r ,  making c o n t r o l  harmony b e t t e r .  The improve- 
ment i n  r o l l  c o n t r o l  lowered t h e  o v e r a l l  workload s u f f i c i e n t l y  t o  permi t  more 
p r e c i s e  c o n t r o l  of p i t c h  a t t i t u d e  and g l i d e s l o p e .  
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F i g u r e  7 shows t h e  a v e r a g e  p i l o t  r a t i n g s  a s s i g n e d  t o  t h e  t a s k  of l a n d i n g  
approach i n  t u r b u l e n t  a i r .  
i s  a p p a r e n t  from t h e  r a t i n g s  of  g l i d e s l o p e  c o n t r o l ,  where b o t h  SCR conf igura-  
t i o n s  were r a t e d  b e t t e r  than  t h e  L-1011. The s e v e r e l y  l i m i t e d  r o l l  c o n t r o l  
c a p a b i l i t y  of t h e  Mach 2.7 c o n f i g u r a t i o n  is  r e f l e c t e d  i n  t h e  poor r a t i n g s  as- 
s igned  t o  t h e  l i n e u p  c o n t r o l  t a s k .  The good o v e r a l l  c o n t r o l l a b i l i t y  and low 
workload f o r  t h e  Mach 2.0 SCR can b e  seen  from t h e  o v e r a l l  r a t i n g ,  where t h e  
Mach 2.0 SCR was r a t e d  as s a t i s f a c t o r y  even i n  heavy t u r b u l e n c e .  The o t h e r  
c o n f i g u r a t i o n s  were r a t e d  more d i f f i c u l t  t o  f l y  f o r  r e a s o n s  p r e v i o u s l y  s t a t e d .  
The p i l o t s '  p r e f e r e n c e  f o r  t h e  a t t i t u d e - h o l d  system 
C o n t r o l  f o r  Crosswind Landing 
E v a l u a t i o n  of workload and c o n t r o l l a b i l i t y  of t h e  a i r c r a f t  i n  a crosswind 
approach w a s  accomplished u s i n g  a tes t  t e c h n i q u e  i d e n t i c a l  t o  t h a t  f o r  ap- 
proaches i n  t u r b u l e n t  a i r ,  e x c e p t  f o r  a s t e a d y  crosswind component 1.57 r a d  
(90 deg) from t h e  runway heading.  Crosswinds of 10.3 and 15.45 m / s  (20 and 30 
k n o t s )  were e v a l u a t e d  f i r s t  w i t h  no a i r  t u r b u l e n c e  and t h e n  w i t h  1.82 m / s  
(6  f t / s )  of t u r b u l e n c e .  I n  t h i s  manner, t h e  combined e f f e c t s  of t h e  two t a s k s  
could  be e v a l u a t e d .  The 15.45 m / s  (30 k n o t s )  crosswind cor responds  t o  t h e  FAA 
requirement  f o r  commercial a i r c r a f t .  
I n  t h e  10.3 m / s  (20-knot) crosswind,  t h e  a i r c r a f t  w a s  crabbed about  0.12 
r a d  ( 7  deg) i n t o  t h e  wind d i r e c t i o n  and t h e  new heading  was main ta ined  u n t i l  an 
a l t i t u d e  of about  60 m (200 f t )  w a s  reached.  A t  t h i s  p o i n t ,  t h e  p i l o t  v i s u a l l y  
a l i g n e d  t h e  a i r c r a f t  w i t h  t h e  runway and dropped t h e  upwind wing s l i g h t l y  t o  
avoid  d r i f t i n g  downwind. I n  a l l  t h e  a i r c r a f t  e v a l u a t e d ,  t h i s  w a s  a r e l a t i v e l y  
easy  t a s k  as shown by t h e  r a t i n g s  i n  F i g u r e  8. When 1.82 m / s  (6  f t / s )  a i r  
t u r b u l e n c e  w a s  added, t h e  r a t i n g s  were degraded by about  one p i l o t  r a t i n g  u n i t  
i n  t h e  L-1011 and t h e  Mach 2.0 SCR, and by about  two u n i t s  i n  t h e  M = 2.7 SCR. 
The r a t i n g s  a s s i g n e d  t o  t h i s  t a s k  are n e a r l y  i d e n t i c a l  t o  t h o s e  a s s i g n e d  f o r  
t h i s  t u r b u l e n c e  l e v e l  w i t h  no crosswind,  i n d i c a t i n g  l i t t l e  i n c r e a s e  i n  workload 
due t o  t h e  crosswind.  When t h e  crosswind was i n c r e a s e d  t o  15.45 m / s  (30 k n o t s )  
w i t h  no a i r  t u r b u l e n c e ,  t h e  p i l o t  r a t i n g s  i n c r e a s e d  o n l y  s l i g h t l y  from t h e  
10.3 m / s  (20 k n o t s )  case f o r  t h e  L-1011 and Mach 2.0 SCR, b u t  t h e  r a t i n g  f o r  
t h e  Mach 2.7 SCR i n c r e a s e d  s i g n i f i c a n t l y ,  i n t o  t h e  u n a c c e p t a b l e  range.  The 
p i l o t s  r e p o r t e d  t h a t  t h e y  were unable  t o  a l i g n  t h e  a i r c r a f t  w i t h  t h e  runway 
from t h e  0.21 r a d  (12-deg) c r a b  a n g l e  r e q u i r e d  i n  t h i s  level of  crosswind with-  
o u t  exceeding l a t e r a l  c o n t r o l  l i m i t s .  The p i l o t s  q u i c k l y  adopted a technique  
whereby t h e y  determined t h e  maximum c o n t r o l l a b l e  r u d d e r  p e d a l  i n p u t  and landed 
t h e  a i r c r a f t  w i t h  about  0.90 rad  (5 deg) remaining c r a b  a n g l e  a t  touchdown. 
T h i s  s i t u a t i o n  w a s  d e f i n i t e l y  unacceptab le ,  because  of t h e  workload r e q u i r e d  t o  
a s c e r t a i n  t h e  c o n t r o l  l i m i t  and t h e  probable  l a n d i n g  g e a r  l o a d s  developed 
a t  t h e  h igh  c r a b  a n g l e s .  When 1.82 m / s  (6  f t / s )  of t u r b u l e n c e  w a s  added, t h e  
workload i n c r e a s e d  p r o p o r t i o n a t e l y ,  producing p i l o t  r a t i n g s  of 4.0 and 4.5 f o r  
t h e  L-1011 and Mach 2.0 SCR, and an  average  r a t i n g  of 8 f o r  t h e  Mach 2 . 7  SCR, 
which i s  t o t a l l y  unacceptab le .  
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C o n t r o l l a b i l i t y  a t  Reduced Approach Speeds 
Because of t h e  l a t e r a l  c o n t r o l  problems encountered  by t h e  Mach 2 . 7  con- 
f i g u r a t i o n  a t  81.4 m / s  (158 k n o t s ) ,  no a t t e m p t  w a s  made t o  approach a t  lower 
a i r  speeds .  I n  t h e  Mach 2.0 SCR d e s i g n ,  approaches  were f lown a t  73.6 m / s  
(143 knots )  w i t h  no a p p a r e n t  d e g r a d a t i o n  i n  e i t h e r  p i t c h  o r  r o l l  c o n t r o l .  
CONCLUSIONS 
Based on t es t  r e s u l t s  from t h i s  f l i g h t  s i m u l a t i o n  program, t h e  f o l l o w i n g  
c o n c l u s i o n s  have been reached concern ing  p i l o t  a c c e p t a n c e  of low-speed f l y i n g  
q u a l i t i e s  and c o n t r o l l a b i l i t y  i n  l a n d i n g  approach: 
L o n g i t u d i n a l  f l y i n g  q u a l i t i e s  of b o t h  t h e  Mach 2 .0  and Mach 2 . 7  SCR 
c o n f i g u r a t i o n s  were s a t i s f a c t o r y  even i n  heavy t u r b u l e n c e .  
P i t c h  c o n t r o l  and p i t c h  response  were s l i g h t l y  b e t t e r  i n  t h e  Mach 2.0 
SCR than  i n  t h e  Mach 2 . 7  c o n f i g u r a t i o n s .  
R o l l  c o n t r o l  and response  were s a t i s f a c t o r y  i n  t h e  Mach 2.0 SCR con- 
f i g u r a t i o n  i n  a l l  l e v e l s  of t u r b u l e n c e  and crosswind.  
R o l l  c o n t r o l  w a s  n o t  s u f f i c i e n t  i n  t h e  Mach ? . 7  c o n f i g u r a t i o n  f o r  
a c c e p t a b l e  c o n t r o l  of bank a n g l e  and l ine-up  i n  heavy t u r b u l e n c e  o r  
f o r  a crosswind l a n d i n g  a t  FAA l i m i t s .  
Crosswind l a n d i n g  g e a r  could  e l i m i n a t e  t h e  requi rement  t o  decrab  i n  
a crosswind,  but  r o l l  c o n t r o l  would s t i l l  be m a r g i n a l  i n  heavy 
t u r b u l e n c e  f o r  t h e  Mach 2.7 SCR. 
The Mach 2.7 SCR approach speed is  l i m i t e d  t o  a t  least  81.4 m / s  (158 
k n o t s )  by b o t h  a t t i t u d e  l i m i t s  and r o l l  c o n t r o l  c a p a b i l i t y .  The Mach 
2.0 SCR h a s  a c c e p t a b l e  f l y i n g  q u a l i t i e s  down t o  73.6 m / s  (143 k n o t s ) .  
Throughout t h i s  s t u d y ,  t h e  planforms have been i d e n t i f i e d  by r e f e r e n c e  t o  
d e s i g n  Mach numbers of 2 .0  and 2 . 7 .  It should  b e  emphasized t h a t  t h e s e  r e s u l t s  
are a p p l i c a b l e  t o  t h e  p lanforms,  r e g a r d l e s s  of d e s i g n  Mach number. The wing 
sweep a n g l e s  and a s p e c t  r a t i o s  of t h e  s t u d y  c o n f i g u r a t i o n s  were t h e  s i g n i f i c a n t  
v a r i a b l e s  i n  t h e  s t u d y ,  and t h e s e  r e s u l t s  are a p p l i c a b l e  t o  any c o n f i g u r a t i o n  
w i t h  e q u i v a l e n t  planform c h a r a c t e r i s t i c s .  
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TABLE 1. SIMULATION PROGRAM PLANFORM PARAMETERS 
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Figure 1.- Planform comparison. 
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Figure  3 . -  Crosswind c a p a b i l i t y .  
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Figure 5.- P i l o t  r a t i n g  scale. 
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Figure  6 . -  General f l y i n g  q u a l i t i e s  r a t i n g s .  
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Figure  8.- Cont ro l  f o r  crosswind landing.  
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